Pectins are essential components of primary plant cell walls and middle lamellae, and are related to the consistency of the fruit and its textural changes during ripening. In fact, strawberries become soft as the middle lamellae of cortical parenchyma cells are extensively degraded during ripening, leading to the observed short post-harvest shelf life. Using a custom-made oligonucleotide-based strawberry microarray platform, a putative rhamnogalacturonate lyase gene (FaRGlyase1) was identified. Bioinformatic analysis of the FaRGlyase1 sequence allowed the identification of a conserved rhamnogalacturonate lyase domain, which was also present in other putative RGlyase sequences deposited in the databases. Expression of FaRGlyase1 occurred mainly in the receptacle, concurrently with ripening, and it was positively regulated by abscisic acid and negatively by auxins. FaRGLyase1 gene expression was transiently silenced by injecting live Agrobacterium cells harbouring RNA interference constructs into fruit receptacles. Light and electron microscopy analyses of these transiently silenced fruits revealed that this gene is involved in the degradation of pectins present in the middle lamella region between parenchymatic cells. In addition, genetic linkage association analyses in a strawberry-segregating population showed that FaRGLyase1 is linked to a quantitative trait loci linkage group related to fruit hardness and firmness. The results showed that FaRGlyase1 could play an important role in the fruit ripening-related softening process that reduces strawberry firmness and post-harvest life.
Introduction
The octoploid cultivated strawberry (Fragaria×ananassa) is a financially important fruit that has a short post-harvest shelf life owing to its rapid softening during ripening. As fruit texture is of commercial importance for consumer acceptability and for its harvest and transportation, there is great interest in controlling the textural qualities of this fruit. This has prompted research on the biochemical and molecular biology of the cell-wall polysaccharides synthesis and their degradation (Brummell and Harpster, 2001) .
Fruit ripening is a genetically programmed and irreversible phenomenon involving a series of changes that lead to the development of a soft and edible ripe fruit. The chief textural changes resulting in fruit softening are due to enzymemediated alterations in the structure and composition of cell walls that lead to partial or complete solubilization, de-esterification, and depolymerization of cell-wall polysaccharides, accompanied by a loss of neutral sugars and galacturonic acid (Voragen et al., 1995; Brummell and Harpster, 2001; Rosli et al., 2004) . The main classes of cell-wall polysaccharides that undergo modifications during ripening are pectins, cellulose, and hemicelluloses (Prasanna et al., 2007) . Pectins account for up to 60% of cell-wall mass in many fruits and are the most abundant component of the middle lamellae. These polysaccharides play an important role in fruit consistency and in its textural changes during ripening. Although depolymerization of hemicelluloses during ripening has been observed in many fruits, throughout this process pectin degradation seems to be the main mechanism responsible for tissue softening in fruits such as tomato (Solanum lycopersicum) (Seymour et al., 1987) , kiwi (Actinidia deliciosa) (Redgwell et al., 1992) , apple (Malus domestica) (de Vries et al., 1984) , and strawberry (Rosli et al., 2004) . In strawberries, the middle lamellae of the cortical parenchyma cells is extensively degraded throughout the ripening process (Perkins-Veazie, 1995) , and they subsequently appear to be separated by a considerable intercellular space with little cell-to-cell contact area (Redgwell et al., 1997) . At the molecular level, the largest changes in the cell wall occur in the pectin-soluble fraction, which increases from 30% in undeveloped strawberry fruit to 65% in ripe fruit (Huber, 1984) .
In addition to the above-mentioned increase on pectin solubilization, several studies have described hemicellulose depolymerization during strawberry ripening (Huber, 1984; Nogata et al., 1996; Rosli et al., 2004) . Nevertheless, results from the analysis of several strawberry cultivars of varying firmness ('Camarosa' being the firmest, 'Pajaro' intermediate, and 'Toyonaka' the softest) support the hypothesis that strawberry fruit softening could be related chiefly to pectin solubilization and depolymerization rather than to hemicellulose or cellulose catabolism (Rosli et al., 2004) . It has been shown that the small amount of cellulose found in the fruit remains unaltered throughout strawberry fruit ripening (Koh and Melton, 2002; Rosli et al., 2004) , and that the silencing of endo-β-1,4-glucanase expression involved in hemicellulose degradation caused no changes to fruit firmness (Wooley et al., 2001; Palomer et al., 2006; Mercado et al., 2010) .
Substantial evidence that pectin metabolism is involved in strawberry softening emerged upon completion of a functional analysis of the FaplC and FaPG1 genes encoding pectate lyase and polygacturonase, respectively. When the expression of these two genes was downregulated in transgenic plants harbouring antisense constructs, a substantial reduction in the softening of red ripe fruits was achieved (Jiménez-Bermúdez et al., 2002; Benítez-Burraco et al., 2003; Quesada et al., 2009 ). This was accompanied by a preservation of middle lamella integrity and an increase in the amount of pectins covalently bound to the cell walls. Furthermore, silencing of FaplC led to a lower depolymerization of the pectin fraction (Santiago-Doménech et al., 2008) . The post-harvest and processing features of these transgenic strawberry plants improved (García-Gago et al., 2009a,b; Sesmero et al., 2009) . However, several negative pleiotropic effects, such as a reduction in the fruit fresh weight and fruit yield, reportedly due to the role played by pectate lyase in pollination, were observed (Jiménez-Bermúdez et al., 2002) .
Three kinds of pectin can be distinguished in plant cell walls: homogalacturonan (HGA), rhamnogalacturonan I (RG-I), and rhamnogalacturonan II (RG-II). In middle lamellae of cell wall, HGA, a linear backbone of 1,4-linked galacturonic acid, is predominant (Vincken et al., 2003) . HGA contains clusters of four heteropolymeric side chains of a consistent length. These side chains and the residues to which they are connected are referred to as RG-II (Vincken et al., 2003) . RG-I is composed of a backbone of alternating rhamnose and galacturonic acid residues with 20-80% of the rhamnose residues substituted by neutral sugar side chains. Pectins are typically depicted as an extended RG-I chain, hairy regions, and isolated rhamnose residues interspacing the smooth HGA regions (Mercado et al., 2011) . However, Vincken et al. (2003) proposed an alternative model in which the HGA regions are RG-I side chains. In this model, RG-I would play an important structural role in cell walls and its enzymatic cleavage could have dramatic effects on the cohesion of the pectin network.
Rhamnogalacturonan-degrading enzymes such as RG hydrolases and RG lyases (RGases) were first identified in several fungi (Searle-van Leeuwen et al., 1992; Pagès et al., 2003) . These enzymes digest the main RG-I chain (Schols et al., 1990) . Although seven sequences in the Arabidopsis genome having homology to fungal RG lyases have been identified (http://cellwall.genomics.purdue.edu), little is known of the manner in which these enzymes modify plant cell walls (Vicente et al., 2007) . Evidence that RG-I may play an important role has been obtained from potato transgenic plants harbouring a fungal RG lysase (Oomen et al., 2002) . These plants had tubers with an altered morphology and cellwall contents that were easier to extract than those of wildtype plants.
Transcriptomic studies performed in our research group have enabled us to identify a large group of genes whose expression increased throughout strawberry fruit ripening. One of these genes, FaRGlyase1, displayed significant sequence homology with putative RG lyases from higher plants. In this study, we report the functional characterization of this gene through an analysis of the effects of RNA interference on FaRGLyase1-silenced ripened fruits. Using both light and electron microscopy, we have shown that, in ripened FaRGLyase1-silenced fruit, both higher pectin content and middle lamella integrity were observed in comparison with control fruit. In addition, genetic linkage association analyses in a strawberry-segregating population showed that this gene is linked to a firmness quantitative trait locus (QTL). Thus, these results strongly support the proposal that FaRGLyase1 is involved in cell-wall middle lamellae degradation and thus that it could play an important role in the dismantling of the receptacle cell walls that leads to fruit softening.
Material and methods

Plant material
Strawberry plants (F.×ananassa Duch. cv. Camarosa, an octoploid cultivar, Fragaria vesca, Fragaria chiloensis, and Fragaria virginiana) were grown under field conditions in Huelva (Spain). Fruits were harvested at different developmental stages: small-sized green fruit (G1, 2-3 g), full-sized green fruit (G3, 4-7 g), white fruit (W, 5-8 g), full-ripe red fruit (R, 6-10 g), overripe fruit (OR, 6-10 g), and senescent fruit (SN, 6-10 g). Selected OR fruits were harder and dark redder than the R ones, whilst SN fruits were softer. Vegetative tissues, such as runners, roots, crowns, and expanding leaves, were also harvested. All tissues and fruit samples were frozen immediately in liquid nitrogen and stored at -80 °C. These tissues were powdered under liquid nitrogen using a mortar and pestle to isolate nucleic acids or to evaluate their hormone content levels. Strawberry plants (F.×ananassa Duch. cv. Elsanta) used for agroinfiltration were grown in a plant chamber at 25 ºC, 10 000 lux and 80% humidity, and subsequently preserved in greenhouses. A cultivar collection and two breeding populations were grown under field conditions. Fruits of each line were collected at the maturation stage and the firmness of five full-ripe red fruits per line was measured using a non-destructive penetrometer (Durofel; InfoAgro). Firmness was measured on a scale to reproduce the sensations felt when touching fruit, ranking from 20 (soft) to 80 (hard) in strawberries. Two seasonal measurements were taken as replicates. The mean and standard deviation (SD) were calculated for the two parents and the progenies and cultivar collection. Differences among progeny were tested by analysis of variance (ANOVA).
Auxin treatment
Achenes of two sets of 50 medium-sized green fruits (G3) were removed carefully from their receptacles using the tip of a scalpel blade. One set of de-achened G3 fruits was treated with a mix of lanolin paste (1 ml) containing 1 mM of auxin 2,4-dichlorophenoxyacetic acid (2,4-D) and 1% (w/v) DMSO. Another set of G3 deachened fruits (control group) was treated with the same lanolin paste with DMSO but lacking 2,4-D. Both treatments were applied over the entire fruit surface. All fruits were harvested 5 d after treatment, immediately frozen in liquid nitrogen, and stored at -80 °C. During the course of the assays, the fruits reached the W developmental stage.
Nordihydroguaiaretic acid (NDGA) treatment
Nordihydroguaiaretic acid (NDGA) is a 9-cis-epoxycarotenoid dioxygenase inhibitor, an enzyme required for abscisic acid (ABA) biosynthesis. Fruits at the G3 stage (still attached to the plants) were carefully injected with 0.5 ml of 100 µM NDGA sterile solution or sterile water (control fruits) using a hypodermic syringe. Treated fruits were harvested after 8 d of treatment, when they reached the R developmental stage, and were then frozen in liquid nitrogen and stored at -80 ºC. These samples were used for measurement of the ABA content and relative expression of the FaRGlyase1 gene.
ABA extraction procedure
Fruits from different strawberry developmental and ripening stages were pulverized in a mortar in the presence of liquid nitrogen. One gram of each powdered sample was placed in a 50 ml glass beaker and mixed with 1.26 nmol of internal standard (deuterated ABA) (40 µl of 31.5 nmol ml -1 intermediate standard solution) for 5 min. Samples were extracted twice with 10 ml methanol:water, pH 5.5 (1:1, v/v) and the mixtures centrifuged at 5000g for 5 min at room temperature. Supernatants were extracted twice with 10 ml dichloromethane, the extracts centrifuged at 5000g for 5 min at room temperature, and the lower phases evaporated under vacuum conditions at 40 °C. Residues were dissolved in 100 µl acetone 100% and 250 µl water:acetonitrile (70:30, v/v) (0.1% formic acid). Finally, samples were centrifuged at full speed for 5 min and the supernatants generated were used for ABA content analysis.
High-performance liquid chromatography/mass spectrometry (HPLC-MS) conditions
In order to determine the ABA amount in strawberry fruits, we used an HPLC-MS system (1200L Triple Quadrupole; Varian, California, USA) with a column (150 × 2.1 mm internal diameter Phenomenex C 18 with 3 µm particle). The injection volume was 8 µl and the mobile phase used was A: water/0.1% formic acid, and B: acetonitrile/ methanol ( 
Nucleotide and deduced amino acid sequence characteristic of the FaRGlyase gene
We used the resources of the National Center for Biotechnology Information (NCBI, Bethesda, MD; http://www.ncbi.nlm.nih.gov) and the European Bioinformatics Institute server (EBI; http://www. ebi.ac.uk/) for in silico analysis of the FaRGlyase1 gene sequence. In order to align the nucleotide FaRGlyase1 sequence against the databases, we used the NCBI BlastN program. Multiple sequence alignment and phylogenetic tree construction were performed with the EBI ClustalW2 program or the MegAlign program (from the Lasergene suite), as well as the FigTree program (http://tree.bio. ed.ac.uk/software/figtree/), respectively. Prediction of domains and functional sites was performed with the InterPro database (version 4.8). BlastN was also used to locate the gene position in the F. vesca genome in the GDR databank (http://www.rosaceae.org).
RNA and DNA isolation
Total RNA was isolated from independent pools of strawberry fruits at different growth and ripening stages and from vegetative tissues, in accordance with the method of Asif et al. (2000) . Achenes were always removed from fruit and only receptacle RNA was extracted and purified. RNA obtained was treated with RNase-free DNase I (Invitrogen) and purified using as RNeasy Mini kit (Qiagen). Genomic DNA was extracted using Doyle buffer optimized for strawberry leaf extraction by adding 2% polyvinylpyrrolidone 40 (Doyle and Doyle, 1990) .
Expression analysis by quantitative real-time PCR (qRT-PCR)
Gene expression analysis of FaRGlyase1 (CO381780.1) was performed by qRT-PCR using an iCycler (BioRad) device, as previously described (Benítez-Burraco et al., 2003) .
FaRGlyase1 gene primer sequences for quantitative amplification were: 5'-TCCCTGATCGCTCAGCTGCCGA-3' and 5'-TCGTGAGAGTTGGATCCTCGTGCCG-3'. Each reaction was performed at least in triplicate and the corresponding cycle threshold (C t ) values were normalized using the C t value corresponding to an interspacer 26S-18S strawberry RNA gene (housekeeping gene) (Benítez-Burraco et al., 2003; Raab et al., 2006; Encinas-Villarejo et al., 2009; Muñoz et al., 2010 Muñoz et al., , 2011 Cruz-Rus et al., 2011; CumplidoLaso et al., 2012) . All of these values were subsequently used to determine the relative increase or decrease in FaRGlyase1 gene expression in the samples in comparison with that in the control gene in accordance with the method of Pedersen (2001) . The interspacer 26S-18S gene (primers: 5'-ACCGTTGATTCGCACAATTGGTCATCG-3' and 5'-TACTGCGGGTCGGCAATCGGACG-3') was selected as control gene owing to its constitutive expression under all of the different experimental conditions tested. The efficiency of each particular qRT-PCR and the melting curves of the products were also analysed to ensure the existence of a single amplification peak corresponding to a unique molecular species (FaRGlyase1 gene T m =81.0 °C; interspacer 26S-18S gene T m =91.5 °C).
Generation of a FaRGlyase1 RNA interference (RNAi) construct and transfection of strawberry fruit by agroinfiltration
A 475 bp non-conserved region of the FaRGlyase1 gene was cloned into the pFRN binary vector (courtesy of Dr Marten Denekamp, Department of Molecular Cell Biology, University of Utrecht, The Netherlands) using Gateway technology (Invitrogen), to be used as an RNAi fragment in the silencing construct. The forward primer 5'-GTAACAGTCCGCTGGGATATGCAG-3' and reverse primer 5'-GTGAAGAAGTAAAACGTGATTGCCATCTAAA-3' were used. The resulting fragment was cloned into pCR8/GW/ TOPO (Invitrogen) and then transferred to the Gateway pFRN vector by specific recombination of both plasmids using LR clonase (Invitrogen). The generated RNAi construct (pFRN-FaRGlyase1) was tested by sequencing and restriction analyses prior to strawberry plant transformation. The pFRN-FaRGlyase1 construct generated RNAi constructs directed against the endogenous FaRGlyase1 gene.
The Agrobacterium tumefaciens strain AGL0 (Lazo et al., 1991) containing either the pFRN-FaRGlyase1 or an empty pFRN was grown and independently injected into the base of whole strawberry fruits (cv. Elsanta) as described by Spolaore et al. (2001) and Hoffmann et al., (2006) . After 10-14 d, infiltrated fruits were harvested and analysed by qRT-PCR. A total of 15-25 strawberry plants and 30-40 agroinjected fruits were inoculated and analysed. Silencing extent was determined by comparing FaRGlyase1 transcripts levels in pFRN-FaRGlyase1 agroinjected fruits against those containing the treated empty pFRN vector.
Genotype analysis
A preliminary genomic sequence of F.×ananassa was analysed to find the genomic sequence around the gene and a simple sequence repeat (SSR) was detected using the Tandem Repeat Finder software (http://tandem.bu.edu/trf/trf.html). The design of primers flanking the SSR was carried out using Primer3 software (http://frodo.wi.mit.edu). Two different populations of cultivated strawberries and a cultivar collection were genotyped with SSRFaRGLyase1 marker. DNA from 93 individuals of an F2 Dover×Camarosa population, 93 individuals of an F1 P03×P05 breeding population, and 48 lines of a cultivar collection including the parents of populations were extracted and amplified by PCR using SSRFaRGLyase1 primers: forward 5'-TCTTGCATGACAACCTTCAA-3' and reverse 5'-GGGAATATGTGGCTTTGATTC-3'. SSSFaRGLyase1 was mapped in the F2 population Dover×Camarosa using JoinMap software (Van Ooijen, 2006) . QTL QGene software (Joehanes and Nelson, 2008 ) was applied to firmness QTL analysis.
Anatomical analysis of sections of fruit parenchyma
Light microscopy Tissue sections were prepared as follows: small portions of strawberry receptacle tissue were fixed in Bouin's fixative [75% (v/v) saturated picric acid, 25% (v/v) formaldehyde and 0.05% (v/v) glacial acetic acid], dehydrated through an ethanol-tertiary butanol series, and embedded in Paraplast Plus (Sherwood Medical Co.). Sections of about 5 µm were cut with a microtome, mounted on slides coated with gelatin, deparaffinized in xylene, and rehydrated through an ethanol series. For the purposes of a structural and histochemical analysis, some sections were stained with periodic acid and Schiff's reagent (PAS staining). Samples were covered with 0.5% periodic acid for 2 h and, after being washed in distilled water, were again covered with Schiff's reagent for 3 h. Samples were subsequently washed in distilled water, dehydrated, and mounted in Entellan New (EMD Biosciences). During staining, the periodic acid oxidizes carbohydrates, creating aldehydes that react with the Schiff's reagent to give a purple-magenta colour. PAS is a general procedure for staining carbohydrates.
Additionally, some sections were stained with 0.02% ruthenium red dye in order to specifically stain pectins or with tolouidine blue as a general staining. An Olympus AH-2 photomicroscope was utilized for sample visualization.
Electron microscopy
For electron microscopy, small portions of strawberry receptacles tissue were fixed in 2% glutaraldehyde in phosphate buffer (pH 7.0). Samples were subsequently washed in distilled water, post-fixed in aqueous 1% (v/v) osmium tetroxide for 2 h at 4 ºC and, after being washed in distilled water, stained with 3% uranyl acetate for 2 h at room temperature in the dark. After dehydration with acetone, samples were embedded in Epon. The blocks and the resin were allowed to polymerize at 65 ºC for 24 h. Silver sections of 70 nm thick were obtained in an ultramicrotome (Leica-Ultracut R) and mounted using nickel grids. Sections were stained with 3% (v/v) aqueous uranyl acetate and lead citrate. Observations were conducted in a Philips CM-10 electron microscope.
Sections (800 nm thick) were also obtained from this material and subsequently stained with the general dye toluidine blue (1%) and borax solution (1%) for 2 min. PAS and ruthenium red staining were also performed in a number of these sections but the staining time was increased to 4 d. Sections were then dehydrated, mounted, and visualized.
Results
Sequence analysis of the FaRGlyase1 gene and protein
Previous analyses comparing transcriptomes of green immature versus red-ripened strawberry receptacles using a 35k microarray oligonucleotide-based platform enabled us to identify a gene encoding a putative novel cell-wall hydrolase, FaRGlyase1. This gene was strongly upregulated in ripened fruits. The cDNA sequence of the FaRGlyase1 gene contains an open reading frame of 2089 bp, encodes a polypeptide of 676 aa and has a predicted molecular mass of 75.88 kDa. An InterPro scan revealed that this sequence had signatures resembling a RG lyase domain, a galactose-binding domain, a signal peptide, and a transmembrane region. In addition, a BlastN search showed a high degree of similarity between this FaRGlyase and putative RG lyases from higher plants, with identities ranging from 53.9 to 61.6% (Fig. S1 at JXB online). A phylogenetic tree analysis conducted with protein sequences revealed that FaRGlyase1 had its highest homology with putative RG lyases isolated from S. lycopersicum and Populus trichocarpa (Fig. 1) . Whilst we have not determined the biochemical activity of the FaRGlyase1 protein, these results, based on sequence similarity and comparisons alone, suggest that this gene could code for a protein with a rhamnogalacturonate activity potentially involved in the cell-wall degradation that takes place during the strawberry fruit ripening.
The spatio-temporal expression pattern indicates that FaRGlyase1 is a receptacle-specific gene involved in ripening
In fruit receptacles, FaRGlyase1 expression levels were found to be very low during the fruit elongation and developmental stages (G1 and G3), higher during the ripening stages (W and R), and maximal in the overripe and senescence stages (OR and SN) ( Fig. 2A) .
This same FaRGlyase1 gene was expressed weakly in the fruit achenes in all developmental and ripening stages studied when compared against the levels obtained in the fruit receptacle at the R stage (Fig. 2B) . This low expression also occurred in other vegetative tissues analysed such as leaves, roots, and runners. In all such tissues, FaRGlyase1 expression was very low and similar to that observed in receptacles at the G1 stage (Fig. 2C) .
Hormonal regulation of the FaRGLyase1 gene
It has been proposed that the ABA:auxin content ratio in strawberry fruit receptacles constitutes a signal that triggers the fruit ripening process (Perkins-Veazie, 1995). Thus, we decided to investigate whether FaRGLyase1 gene expression was under the control of these two hormones. As it is known that auxins present in strawberry receptacles are synthesized by the achenes, we performed a comparative gene expression analysis between control and de-achened green fruits at the G3 stage that were externally treated with or without 2,4-D. A clear increase in the amount of FaRGlyase1 transcripts was detected in de-achened fruits (Fig. 3) . This increase did not occur, however, when these de-achened fruits were treated with a lanolin paste containing 2,4-D. These results clearly indicated that the expression of this gene was negatively regulated by auxins.
In addition, when we depleted the receptacle ABA content by adding NDGA (Fig. S2 at JXB online) , an important reduction in the amount of FaRGlyase1 and other cell-wall hydrolases transcripts was observed when compared with the control fruits (Fig. 4) , indicating that FaRGlyase1 expression could be activated by ABA.
Histological changes produced by the transient silencing of FaRGlyase1 expression through agroinfiltration with RNAi constructs
Most of the fruits that were agroinfiltrated with Agrobacterium cells harbouring FaRGlyase1 RNAi constructs were substantially silenced after 14 d when analysed by qRT-PCR ( Fig.  S3 at JXB online), whereas no alterations in FaGlyase1 transcripts levels were observed in agroinfiltrated control fruits lacking RNAi. However no changes in fruit colour or size were observed in any of the agroinfiltrated fruits upon completion of the experiments (data not shown).
Hence, we performed histological comparisons involving all of the agroinfiltrated fruits. Under the light microscope, clear and visible differences were observed between fruits that had been treated with RNAi constructs upon being stained with ruthenium red, a dye that specifically stains pectins in red colour, and those that had not. Cell walls in control fruits agroinfiltrated with the construct lacking the FaRGLyase1 RNAi construct did not retain the red staining, indicating that they lacked enough pectin to be stained and detected (Fig. 5A, B) , whereas cell walls in RNAi-treated fruits were clearly stained a vivid red colour (Fig. 5C, D) . Similar results were obtained when cell walls were stained with toluidine blue: controls cells walls were stained weakly (Fig. 5E, 5F ), whereas those fruits treated with FaRGlyase1 RNAi constructs displayed a high degree of staining (Fig. 5G, H) , indicating that the cell-wall integrity remained intact.
In addition, under the light microscope, major changes in cell structure and tissue organization were clearly noticed. Tissues obtained from control cells stained with PAS seemed to be highly disorganized, with cells appearing to be clearly separated from one another, and with few areas of direct cell-to-cell contact (Fig. 5I, J) . In contrast, in the FaRGlyase1 RNAi agroinfiltrated fruits, cells were densely packed with less intercellular space and dense cell walls (Fig. 5K, L) . These results clearly indicated that, in FaRGLyase1-silenced fruits, parenchymatic cells had a higher degree of cell-wall integrity and organization.
These results were confirmed when the tissues were observed under an electron microscope. Parenchymatic cell walls in RNAi-agroinfiltrated ripe receptacles showed a high degree of integrity and clear, dense and well-defined middle lamellae, indicating that it was not degraded (Fig. 6C, F) . However, middle lamellae in control cells that had been agroinfiltrated with constructs lacking the RNAi were almost or completely degraded (Fig. 6A, B) , with the cells being more separated from one another when compared with the RNAi-treated tissues.
Firmness QTL linked to the FaRGlyase1 gene
As we assumed that cell-wall integrity and the pectin content were linked to fruit firmness, we analysed whether the FaRGlyase1 gene was related to the degree of firmness of the strawberry fruit by conducting a genetic linkage association analysis. This gene is located in a region of the LG1 chromosome of F. vesca (Shulaev et al., 2011) , and aligns with a contig that contains an SSR sequence 2.5 kb downstream of the FaRGlyase1 gene in the F.×ananassa genome sequence. An SSR marker was designed and amplified in parental lines of an F2 Dover×Camarosa population. The detected polymorphism was mapped and the marker was located between EmFn49 and Fvi72A of the homologous LG1-B strawberry octoploid map (unpublished data) that is syntenic with LGI Fragaria diploid map. A firmness diminution QTL was detected at same position [ Fig. 7 ; logarithm of odds (LOD) <2.0]. To verify this QTL, a second segregating population was genotyped and phenotyped. The SSR marker polymorphism analysis in a P03×P05 F1 breeding population by ANOVA revealed a statistical significance of P=0.0162 (P <0.05; Table 1) between the presence of allele 222 and firmness diminution (Fig. 8) . Notwithstanding the fact that we detected a low LOD, in other populations and a cultivar collection we verified that the ANOVA showed a linkage between genes and firmness diminution of P=0.0162 (P <0.05).
Firmness segregation in a cultivated strawberry collection of 48 cultivars, including commercial varieties and older lines, also showed a statistical association of the presence of the allele 222 marker with fruit firmness diminution (data not shown).
Discussion
Although the role of HGA degrading enzymes has been well characterized, little attention has been devoted to the role Fig. 2 . qRT-PCR analysis of strawberry FaRGlyase1 expression in fruit receptacle (A), achenes (B), and different vegetative tissues (C) of F.×ananassa cv. Camarosa against immature G1 receptacles. Results were obtained using specific primers for the FaRGlyase1 gene. Quantification is based on C t values as described in Material and methods. The increase in mRNA value was relative to the G1 receptacle C t value, which had the lowest FaRGlyase1 expression in both experiments and was assigned an arbitrary value of 1. Mean values ±SD of five independent experiments are shown. Statistical significance with respect to the reference sample (G1 fruits) was determined by Student's t-test: ***P <0.001; **P <0.01.
played by RG-I and RG-I-degrading enzymes in the disassembly or degradation of cell walls and middle lamellae. RGase activity has been reported in tomato, apple, and grape by Gross et al. (1995) . More recently, Naran et al. (2007) reported RG lyase activity in expanding cotton cotyledons, and seven sequences have been identified in the Arabidopsis genome having homology to fungal RG lyases (http://cellwall.genomics.purdue.edu). In strawberry, our comparative transcriptomic analysis between immature (green) and ripe (red) receptacles from immature (green) versus ripe (red) Fig. 4 . qRT-PCR analysis of the expression of FaRGlyase1 and several cell-wall hydrolase genes in strawberry fruits in response to NDGA. NDGA treatment performed for 8 d to G3 stage fruits. Control: G3 fruits injected with water; NDGA: G3 fruits injected with NDGA (100 µM); FaplA: pectate lyase A gene (U63550); FaPG1: polygalacturonase 1 gene (AF380299); FaPE1: pectin esterase 1 gene (AY324809). The expression levels of the different genes studied in NDGA-treated fruits were expressed as a percentage against their expression levels in control untreated fruits. Statistical significance was determined by the Student's t-test: ***P <0.001. Fig. 3 . Analysis of the effects of removing achenes from G3 developing fruits on FaRGlyase1, pectate lyase A (FaplA; U63550), polygalacturonase 1 (FaPG1; AF380299), and pectin esterase 1 (FaPE1; AY324809) gene expression by qRT-PCR. After auxin treatment, the increase in mRNA value was determined relative to G3 fruit (control), which was assigned an arbitrary value of 1. G3-CONTROL: full-sized green fruit receptacle (G3 fruit); G3-ACHENES: G3 fruit receptacle without achenes for 5 d; G3-ACHENES+2,4-D: G3 fruit receptacle without achenes plus 2,4-D for 5 d (added at d 0). Statistical significance with respect to the control sample (G3 fruits) was determined by Student's t-test: ***P <0.001; **P <0.01. strawberry fruits revealed several sequences encoding putatively RG lyases whose expression was strongly upregulated in ripe fruits, suggesting the possibility that these genes may play a pivotal role in strawberry cell-walls degradation and fruit softening.
Bioinformatic analyses showed that the deduced protein of the FaRGlyase1 gene contained well-documented functional domains, such as a conserved RG lyase domain and a galactose-binding domain. This sequence also had a putative conserved signal peptide similar to that of two previously characterized cell-wall pectin-degrading enzymes, pectate lyase and polygalacturonase, indicating that this protein is actually excreted out of the cells (Fig. S1b ) (Medina-Escobar et al., 1997; Redondo-Nevado et al., 2001; Benítez-Burraco et al., 2003; Quesada et al., 2009 ). All of these data provided us with evidence that the protein coded by the FaRGlyase1 gene may have RG lyase activity, that it is excreted out of the cells, and that it might be located in the fruit receptacle cell wall. However, enzymatic activity assays should be performed in order to definitively assign an RG lyase role to this protein.
The FaRGLyase1 gene is highly expressed when softening of ripe fruit receptacles occurs
The FaRGlyase1 gene displayed an expression pattern clearly related to ripening. This gene was expressed predominantly in the fruit receptacle, and it was weakly or not expressed in achenes or in any of the vegetative tissues analysed. Its expression pattern coincided with that of other strawberry pectin-degrading cell-wall enzymes such as pectate lyases and polygalacturonases (Medina-Escobar et al., 1997; RedondoNevado et al., 2001; Benítez-Burraco et al., 2003; Quesada et al., 2009) . Whilst traditional studies have assumed that pectin degradation plays a minor role in strawberry softening, recent studies in which pectate lyase (Jiménez-Bermúdez et al., 2002) and polygalacturonase were silenced have demonstrated that solubilization of the pectin fraction covalently linked to the cell wall was accompanied by a significant decrease in fruit firmness. The FaRGlyase1 gene is expressed at the same time as these other pectin-degrading cell-wall hydrolases, thus supporting the suggestion that the enzymatic degradation of ripened fruit cortical cell walls might influence fruit softening. However, most pectinases are also involved in the pollination process, contributing to the emergence of the pollen tube and/or the growth of the pollen tube down the style (Hadfield and Bennett, 1998; Marín-Rodríguez et al., 2002) . In fact, the suppression of pectate lyase expression in strawberry reduced fruit weight and yield is likely to be due to poor pollination (Jiménez-Bermúdez et al., 2002) . Whether or not FaRGlyase1 is involved in the pollination process should be evaluated using stable transgenic plants.
FaRGLyase1 gene expression is regulated positively by ABA and negatively by auxins
Auxins produced by the achenes are released into the strawberry receptacle and are responsible for the main changes occurring in early fruit development. Once fruits reach the white stage, a decline in auxin production occurs, and this seems to trigger the ripening process (Perkins-Veazie, 1995) . In line with this, several studies have shown that the expression of many strawberry fruit ripening-related genes encoding cell-wall hydrolases such as pectate lyases and polygalacturonases are induced prematurely upon removal of the achenes (Medina-Escobar et al., 1997; Redondo-Nevado et al., 2001; Benítez-Burraco et al., 2003) . FaRGlyase1 was also induced prematurely in receptacles when achenes were removed in the early stages of fruit development. However, this induction did not take place when auxin 2,4-D was applied to these de-achened fruits, indicating that this gene is also regulated by auxins.
It has been suggested that ABA plays a major role in the ripening of both climacteric and non-climacteric fruits Fig. 6 . Ultrastructural images of cell walls in control and FaGLyase1-silenced strawberry fruit receptacles. (A, B) Control fruits agroinjected with the empty pFRN vector. In both pictures, the cell wall appears to be degraded and the middle lamellae has almost completely disappeared. (C-F) Transgenic fruits agroinjected with the pFRN-FaRGlyase1 construct. The middle lamellae has suffered a slight degradation in (C), whilst retaining its full integrity in (D), (E), and (F). Arrows in (A) and (F) show an Agrobacterium bacterial cell in the middle lamellae between the primary walls of neighbouring cells. cm, Cell membrane; pcw, primary cell wall; ml, middle lamellae; vac, vacuolar lumen; agr, Agrobacterium. Bars, 2 µm (A-C); 0.5 µm (D); 0.2 µm (E); 0.5 µm (F). (Rodrigo et al., 2006; Zhang et al., 2009) . It fact, it seems that the ABA:auxin ratio is the signal that could actually trigger strawberry fruit ripening (Perkins-Veazie, 1995) . Recently, a number of studies have provided molecular evidence that ABA promotes the strawberry ripening-related production of anthocyanins Jia et al., 2011) . ABA levels gradually increase concurrently with the ripening process in strawberry fruit Jia et al., 2011) (Fig.  S2) . However, additional comprehensive molecular studies regarding the physiological and molecular role played by ABA in the regulation of strawberry ripening-related genes have not yet been published.
Experiments conducted with NDGA, an inhibitor that blocks ABA synthesis, also clearly demonstrated that the expression of FaRGlyase1 as well as many other genes coding cell-wall hydrolases that are involved in degradation of the cell-wall pectin expression could be co-activated by ABA.
FaRGlyase1 protein is involved in the degradation of cell-wall middle lamellae in fruit receptacle
The transitory silencing of FaRGlyase1 gene expression led to a drastic middle lamella structure and integrity maintenance in ripe fruit parenchymatic cells, which otherwise were almost fully dismantled in control cells. The cell-wall structure, the cell-to-cell contact area, and the intercellular space that separated cells remained unaltered in silenced FaRGlyase1 RNAi ripe fruits. These results clearly showed that at least this RG lyase gene could play a critical role in dismantling fruit cell walls through middle lamellae degradation in ripe fruit.
RG-I is reportedly located mainly in the primary wall, whereas the middle lamellae are enriched in HGA (Vincken et al., 2003) . Posé et al. (2010) found that strawberry pectins extracted with a chelating agent were composed mainly of galacturonic acid, whilst pectins extracted with sodium carbonate, those located within cell walls, contained a higher amount of neutral sugars. Redgwell et al. (1997) also found that most galactose residues, the main component of neutral side chains in RG-I, remained in cell walls upon pectin and xyloglucan extraction. Although FaRGlyase1 could act on RG-I of the primary cell wall, its silencing by agroinfiltration had a dramatic effect on middle lamellae dissolution and on pectin degradation. An initial hypothesis to explain this fact is that a putative breakdown of RG-I mediated by FaRGlyase1 would be necessary to relax the cell-wall structure, enabling other pectin-degrading hydrolases, such as pectate lyases, pectin methyl esterases, and endo-polygalacturonases, to access polyuronide substrate sites. A similar hypothesis has been proposed by Brummell et al. (1999) to explain the lower pectin depolymerization observed in transgenic fruits with a silenced expansin expression. It is noteworthy that the pectate lyase protein was immunolocalized within cortical cells (Benítez-Burraco et al., 2003) . Histological studies of ripened fruits with a silenced pectate lyase gene showed a significant reduction in middle lamella dissolution when compared with control fruits (Santiago-Doménech et al., 2008) . According to this proposal, sections of FaRGLyase1-silenced fruits were denser when stained with ruthenium red and display fewer intercellular spaces in comparison with control fruits.
Alternatively, if RG-I is the actual pectin backbone to which HGA and other pectins are attached, as proposed by Vincken et al. (2003) , it is clear that its cleavage would have a direct impact on the middle lamella. In agreement with this, Oomen et al. (2002) found that the expression of a fungal RG lyase in potato tubers modified the localization of galactan side chains within the wall. In transgenic tubers, most galactan side chains Fig. 7 . Linkage group 1B (LG1B) of the F.×ananassa map and QTL analysis of firmness diminution. SSRFaRGLAB+ mapped at 28.2 cM of LG1B. The firmness values in the F2 Camarosa×Dover population showed a normal distribution. The QTL was detected using the composite interval mapping algorithm in QGene software. Table 1 . ANOVA statistical analysis of firmness diminution and allele 222 SSRFaRGLyase1 marker segregation in the strawberry breeding population P03×P05. Allele presence is indicated as 1 and absence as 0, number indicates the total number of individuals in each category, and mean indicates the mean of the firmness value; the standard error (SE) used a pooled estimate of error variance.The upper and lower 95% confidence levels are also given. were located in the middle lamella at cell corners in contrast to the normal location in the primary wall of the wild type. These authors suggested that the function of the RG-I backbone may be to secure side chains to specific locations in the wall. The lower dissolution of strawberry middle lamella when FaRGlyase1 was silenced suggests that the RG-I backbone could have a role in anchoring HGA in the middle lamella. Finally, we cannot discard the possibility that others pectins different to RG-I could be the substrate for the FaRGlyase1 enzyme. The QTL analysis showed that the FaRGlyase1 gene is linked to a group of genes implied in fruit firmness. This experimental approach is functionally very relevant, and the results strongly indicate that the FaRGLyase1 gene plays an important key role in the fruit ripening-related softening process that reduces the firmness and post-harvest life of the fruit.
Experiments are currently in progress to obtain transgenic stable plants with a FaRGlyase1-silenced gene.
Supplementary data
Supplementary data are available at JXB online. Supplementary Fig. S1 . Alignment of nucleotide (A) and deduced amino acid (B) sequences of the FaRGLyase1 gene with other selected putative RG lyase-like sequences. Supplementary Fig. S2 . Quantification of ABA concentration (nmol g -1 ) in strawberry (F.×ananassa cv. Camarosa) receptacles at different development stages. Supplementary Fig. S3 . Analysis by qRT-PCR of FaRGlyase1 gene expression in different transgenic strawberry fruits (F.×ananassa cv. Elsanta) agroinfiltrated with the empty pFRN vector (control fruit) and the pFRN-FaRGlyase1 construct. 
